The effect of dispersion on the operation of a KTP electro-optic Q switch was investigated. A KTP crystal in the normal orientation has been successfully operated as a Q switch. The experiment was performed with a laser resonator containing a Nd:YLF crystal end pumped with a cw diode-laser array. A pulse length of approximately 100 ns was obtained at a repetition rate of 1 KHz. Temperature tuning was used to eliminate static phase retardation. The effect of dispersion was found to affect Q switching. Wavelength stabilization was performed to counteract the effect of dispersion. These measures allowed us to achieve Q switching action.
Potassium titanyl phosphate (KTiOPO 4 ), or KTP, has found an increasing role as an efficient nonlinear crystal for various frequency-conversion applications, such as second-harmonic generation and optical parametric oscillation for laser sources, with wavelengths near 1 m. 1 This is mainly due to KTP's high nonlinear optical coefficients, large angular bandwidth, high optical-damage threshold, and good thermal stability of phase-matching properties. Also, KTP is nonhygroscopic. However, one of its properties, that is, its large linear electro-optic (E-O) coefficients, 1 has not been well explored for device applications compared with KTP's other properties. This property will make KTP a good candidate for E-O modulators or Pockels cells. Although KD*P and LiNbO 3 are widely used nowadays as Pockels cells for Q switching and cavity dumping, they both have shortcomings. LiNbO 3 has a low half-wave voltage when it is transversely biased, and it is nonhygroscopic. The latter property makes it possible for an intracavity LiNbO 3 Pockels cell to be directly antireflection (AR) coated on its faces, rather than having to use coated windows, to reduce the interface loss. A major drawback of an intracavity LiNbO 3 Pockels cell is its relatively low optical-damage threshold, which limits its use in high-peak-power laser systems. KD*P, on the other hand, has a higher opticaldamage threshold than LiNbO 3 . However, the KD*P Pockels cell suffers from other drawbacks. It requires relatively high half-wave voltage and is hygroscopic, which forces an intracavity KD*P Pockels cell to use index-matching materials and AR-coated windows on its interfaces, increasing intracavity loss. A KTP Pockels cell will retain the merits of both LiNbO 3 and KD*P Pockels cells, yet overcome the problems with both cells. The KTP Pockels cell is also free from the piezoelectric effect, which degrades the performance of LiNbO 3 in many applications. Therefore there is interest in developing KTP Pockels cells for use in laser systems. The use of the KTP Pockels cell as a cavity dumper, 2 as well as the results of a study of the use of a KTP crystal in thermally insensitive orientations as a Pockels cell, 3 have been previously reported. Recently we reported an application of a KTP crystal as an E-O Q switch used in the normal orientation. 4 In this paper we address the effect of dispersion of a KTP crystal on the Q switching operation and detail the experimental realization of Q switching in the presence of dispersion.
KTP is a biaxial that belongs to the mm 2 point group (an orthorhombic crystal system). The crystallographic axes a, b, and c coincide with the optical axes x, y, and z, in which z(c) is the polar axis. The measured E-O coefficients of KTP can be found in Ref. 1 . Figure 1 depicts the crystal orientations, dimensions, and the crystallographic axes for the KTP sample used in this paper. For this configuration the phase retardation is given by 2
5 mm x 5 mm x 2.5 mm Fig. 1 . KTP Q switch layout, dimensions (dim), and crystalline orientation. Transverse high voltage (HV) was applied along the z axis. The oven for temperature control is not shown.
for light propagating along the y axis with a length and a transversely applied voltage V = Ed. In Eq.
(1), rj 1 is the effective E-O coefficient and is given by rc = r 33 -(n/n,) 3 r 13 , in which r 33 and r 13 are E-O coefficient tensor elements of KTP. The second term of Eq. (1) is the dynamic (voltage-related) phase retardation and is responsible for the E-O modulation. The first term of Eq. (1) is a static phase retardation, which has to be compensated in order for the second term to be effective. The static phase retardation, when the temperature (T) and the wavelength (X) dependence are included, can be written as rsl = rO + rT + rX, (2) 2rr
where ro is the phase retardation at the reference temperature (usually at room temperature) and the reference wavelength and rT and rF are the temperature-and wavelength-dependent terms, respectively. Equation (5) represents the contribution from the dispersion an/dA. In Eqs. (2)- (5) parameters with a subscript 0 are values at the reference temperature and wavelength. In the case in which there is no wavelength change, the contribution from dispersion disappears, and rI and Fo + rT can be rearranged into a simple form:
Anz -nxo T (6) It can be seen from Eq. (6) that, with a proper temperature, the static phase retardation can be tuned to be a multiple of 2wr so that it has no influence on the modulation, leaving the total phase retardation [Eq. (1) ] to be entirely determined by the applied voltage. When the wavelength change occurs, the dispersion will exert a considerable effect on the total phase retardation, even though in this situation the temperature tuning may still compensate some parts of the static phase retardation. Unlike cavity dumping, in which a KTP Pockels cell does not influence the laser-oscillation wavelength, a KTP Pockels cell inside a laser resonator that acts as a Q switch does influence the laser-oscillation wavelength. This influence is primarily due to the effect of dispersion of the KTP crystal. This means that temperature tuning as well as wavelength limiting are required for compensating fully for the static phase retardation. In our experiment we used an intracavity 6talon to limit the wavelength shift. At the same time we temperature tuned the KTP Q switch. The operating temperature for the KTPO Q switch at a fixed wavelength was determined experimentally as described below.
The KTP crystal used in this work had dimensions of 2.5 mm x 5 mm x 2.5 mm (x, y, z). It was hydrothermally grown by Litton Airtron and was cut normal to the principal crystal axes. Figure 1 depicts the dimensions and the crystallographic axes of the KTP sample. Its two surfaces along the y axis were AR coated at 1064 nm (note that in this work the laser operated at 1047 nm). On the each of two surfaces normal to the z axis a gold thin film was sputtered as the electrode for the applied high voltage. The laser light propagated along the y axis with its polarization at 450 away from the x axis. To determine the operating temperature for the KTP Q switch at which the static phase retardation (thermal part) can be compensated, a measurement was carried out as shown in Fig. 2 . In this setup the thin-film polarizer (TFP, coated at 1064 nm), positioned at the Brewster angle with respect to the laser light's (X = 1047 nm) propagating direction, acted as a polarization discriminator. The photodiode PD1 measured the intensity of the transmitted laser light (defined as mr light), and the photodiode PD2 measured the intensity of the reflected laser light (defined as or light). Without the KTP in place, the Calcite polarizer was oriented such that PD1 read maximum signals and PD2 read minimum signals. The outputs of PD1 and PD2 were sent to a Tektronix 2440 digital oscilloscope for signal averaging. The trigger was provided by the mechanical chopper shown in Fig. 2 . The purpose of chopping light was to permit the signal averaging to be performed to have a good signal-to-noise ratio. When the KTP was placed inside the oven and properly oriented, the temperature of the oven was varied and the readouts of PD1 and PD2 were recorded as a function of the temperature. During the entire measurement, the laser power was maintained at a constant level as monitored with a power meter, also indicated in Fig. 2 . The result of this measurement is given in Fig. 3 . In Fig. 3 a temperature cycle of 19 K at the 1047-nm wavelength of a Nd:YLF laser operating in a cw mode is shown. The operating temperature for the KTP Q switch was chosen to be 319 K as a result of the measurement. The measured polarization ratio was greater than 250:1 and was limited by the TFP. The KTP oven consisted of two resistors for heating and a temperature-sensing integrated circuit chip (Analog Devices AD590) and was equipped with a feedback loop to achieve the desirable temperature stability. The temperature stability was better than 0.1 K, and the temperature uniformity across the crystal was better than 0.01 K.
As mentioned above, the static phase retardation of the KTP Pockels cell consists of two parts: thermal and dispersion. The thermal part can be compensated by the temperature tuning, as has been demonstrated above. The dispersion part, however, can prevent the KTP Pockels cell from working as an E-O Q switch.In the case in which the KTP Pockels cell is used as a cavity dumper, the laser wavelength is set by the laser oscillator; dispersion has no effect on the cavity dumping. In the case in which the KTP Pockels cell is used as a Q switch, the KTP Pockels cell becomes an integral part of the laser oscillator. The dispersion will shift the laser wavelength to a value [4] [5] [6] were obtained with the laser-resonator setup shown in Fig. 7 , with the following modifications: (1) the 6talon was removed, and (2) a TFP and two photodiodes were positioned behind the concave highly reflective (HR) mirror, where a leakage of laser light was available for detection. The arrangement of the TFP and photodiodes was identical to that shown in Fig. 2 for detecting rr laser light and r laser light. One of the two surfaces of the Nd:YLF laser crystal was fabricated at the Brewster angle, which, together with crystal's orientation, defined the laser polarization. Figure 4 shows the laser wavelength shift and the relative laser power change as the quarter-wave plate (QWP) was rotated. Figure 5 shows the intensity variation of Tr laser light and u laser light as a function of the QWP rotation. These intensities were normalized to the laser output power so that the intensity variation could indisputably indicate the change of the polarization states of the laser. In obtaining the results shown in Figs. 4 and 5, we took measures to ensure that (1) the 00 rotation of the QWP was the position where the optical axis of the QWP was parallel to the laser polarization, (2) the temperature of the KTP oven was set and kept at 319 K, and (3) the KTP Q switch was properly oriented. It is clear from Fig. 4 that as the QWP was rotated to introduce a phase retardation to change the polarization of the laser light, the dispersion of the KTP Q switch shifted the laser wavelength so that the change of static phase retardation of the KTP crystal counteracted the phase retardation introduced by the QWP, maintaining laser oscillation, although at a lower power level because of the laser gain value change associated with the wavelength shift. At 450 rotation the laser still lased, in sharp contrast with a normal case in which a hold off usually occurs. One example of such a normal case is the KD*P Q switch, which does not possess a static phase retardation. It is interest- ing to observe the flatness of the two curves in Fig. 4 within a certain range of QWIP rotation. This flatness indicated that within this range the difference between resonator gain and losses remains fairly constant, even when the laser wavelength is shifting away from the fluorescence peak of the Nd:YLF crystal. This observation needs further study. The change of the polarization state of the laser light is shown in Fig. 5 . It is complementary to Fig.  4 and is helpful for understanding the impact of the dispersion. Figure 6 illustrates the wavelength shift that is due to the dispersion. In Fig. 5 there are two particular rotations of the QWP that deserve attention. The first one is at +45° rotation, where there was virtually no rr laser light. This indicated that the laser polarization behind the concave HR mirror was perpendicular to that of the laser light before it passed through the KTP Q switch. This could only happen if the KTP Q switch introduced a 900 phase change in addition to that already introduced by the QWP at +45° rotation. The second rotation is at -45°, at which, quite contrary to the +45° rotation, the phase change introduced by the KTP Q switch canceled the phase change introduced by the QWP. We are currently developing a model that will allow us to understand more quantitatively the effect of the dispersion and the physical process of the dispersion to influence laser performance.
The Q switching action of the KTP Q switch was realized in a laser-resonator setup, 5 shown in Fig. 7 . The detailed resonator parameters can be found in Ref. 5 . This laser resonator was basically composed of the following elements: a trapezoid-shaped Nd:YLF laser crystal, whose c axis was long its base; a flat output coupler with 80% reflection at 1.064 [um; a concave mirror that was HR at 1.064 im, with r = 50 cm; an AR-coated (at 1.047 jim) QWP; the KTP Pockels cell, which acted as an E-O Q switch, and a sold thin talon made of quartz. The geometric length of the resonator between the HR mirror and the output computer was 42 cm. The pumping source for this resonator was a 15-W cw diode laser manufactured by Spectra Diode Labs (Model SDL-3450-S). The incident power to the Nd:YLF crystal was 11 W. The solid 6talon had a thickness of 0.5 mm and a coating of 72% reflection at 1.047 [im at both faces. The parameters provide a free spectral range of 0.73 nm and a finesse of 9.5 for the 6talon. The 6talon was introduced to counter the effect of dispersion of the KTP Q switch. To operate the KTP Q switch, we tuned the laser wavelength by tilting the 6talon to 1047.2 nm while the QWP was set at 00 rotation. Then the QWP was rotated by 450 to provide the hold off for Q switching before a highvoltage (HV) pulse was applied to the KTP Q switch. In this experiment the introduction of the QWP was simply for practical purposes. With the QWP, the laser could be optimized before the Q-switching took place. Of course one can reverse the timing sequence of the Q switch's HV pulse and completely eliminate the QWP. The choice of X = 1047. can be explained by the results shown in Fig. 4 , where, at 1047.2 nm, the derivative is maximum.
The performance of the laser with the KTP Q switch is illustrated in Fig. 8 . The top trace is the HV pulse applied to the KTP Q switch, and the bottom trace is the Q switched laser output pulse. The laser-pulse buildup time was 400 ns. The laser-pulse width was approximately 100 ns. The Q switching repetition rate was 1 KHz and was limited by the HV power supply used in this paper. The pulse energy was 0.12 mJ. For a comparison we give a result obtained earlier with the same resonator but with an acousto-optical Q switch and without an intracavity talon. Operated at a 1-KHz repetition rate, this laser generated pulses with a 52-ns pulse width, with a few hundred nanoseconds of buildup time and energy of 0.74 mJ per pulse. This comparison suggests that the long pulse width and the long pulse-buildup time obtained with the KTP Q switch could be mostly attributed to the relatively large loss produced by the talon and the QWP. Figure 9 shows the laser wavelength with and without Q switching. It is evident from Fig. 9 that there was no wavelength shift. The best results of the Q switching were obtained at an ac quarter-wave voltage of 1.79 kV, which was different from the value of 1.56 kV that we calculated with the following numbers 1 : r3 3 = 35 pm/V, r 13 = 8.8 pm/V, n = 1.7404, n = 1.8302, d = 2.5 mm, = 5 mm, and the second term of Eq. (1). We are currently investigating the source of the discrepancy. Some green light was observed during Q switching. This was the consequence of the frequency doubling of 1.047-jim laser light inside the KTP Q switch, even though the switch was not cut for second-harmonic generation. An interesting, yet puzzling, observation was made during the experiment depicted in Fig. 2 . At the operating temperature of 319 K, a QWP was positioned between the TFP and the KTP, and the optical axis of the QWP was properly oriented such that PD1 and PD2 registered the same intensities. Then a dc quarter-wave voltage was applied to the KTP. The intensities detected with PD1 and PD2 changed with a time delay of approximately 10 s after the voltage was applied. When the dc voltage was disconnected from the KTP, it took even longer than 10 s for the intensities to return to their original state of equal intensities. This phenomenon perhaps was due to some electrolytic process that reduced the internal electric field throughout most of the cell volume. No damage of the KTP crystal as a result of the applied HV (both ac and dc) was observed.
In conclusion, we have successfully demonstrated Q switching action with a KTP E-O Q switch in a Nd:YLF laser. The effect of dispersion of the laser was observed and was neutralized by the use of wavelength stabilization. These results are preliminary; there is still room for improvement. Improvement includes the reduction of insertion losses that result from the KTP Q switch and the etalon. With its properties of high damage threshold, lower halfwave voltage, nonhygroscopicity, etc., the KTP Q switch will find its way into applications in which these properties are indispensable. Improvement of this new device and its use in a high-peak power laser resonator where an ordinary LiNbO 3 Q switch would be damaged is currently being contemplated. This work was supported by U.S. Army contract DAAB07-92-C-K760.
Note added at proof A paper presented at the 1994 topical meeting on compact blue-green lasers by Taira and Kobayashi 6 described the application of a KTP crystal as both a frequency doubler (Type II) and a Q switch in a diode-pumped Nd:YVO 4 laser. The KTP crystal was oriented for Type II phase matching at 1.064 jim. In their paper no wavelength-selective component was used, indicating that the effect of dispersion of the KTP crystal was not observed and did not cause any difficulty in their paper. This perhaps was due to the relatively narrower laser gain curve of Nd:YVO 4 
